BACKGROUND Aminolevulinic acid photodynamic therapy (ALA-PDT) can be effective and well tolerated when applied over a broad area and for short drug incubation times.
A ctinic keratoses (AKs) are dysplastic epidermal lesions that occur in fair-skinned individuals who have been chronically exposed to sunlight. Actinic keratoses are usually found on sun-exposed areas, such as the face, bald scalp, forearms, and backs of hands. Individual AKs are identified as scaly, rough, skin color to red, pinpoint to larger patch lesions that may disappear and reappear over months or years. Actinic keratoses are considered to be precancerous lesions with the potential to progress to squamous cell carcinoma (SCC). Results of a previous study suggest that AKs may give rise to nonmelanoma skin cancers (NMSCs) at a greater rate than previously acknowledged. 1 Criscione and colleagues l found that the risk of progression of AK to primary SCC was 0.6% at 1 year and 2.57% at 4 years; in addition, approximately 65% of all primary SCCs diagnosed during the trial arose in lesions that had earlier been clinically diagnosed as AKs. The cellular damage and atypia seen at the histologic level of AKs are similar to those of surrounding nonlesional skin, 2, 3 suggesting that skin surrounding AKs may also be at increased risk of skin cancer.
Photodynamic therapy (PDT) using a 20% topical solution of aminolevulinic acid HCl (ALA, Levulan Kerastick; DUSA Pharmaceuticals Inc, Wilmington, MA) and activation by 10 J/cm 2 blue light (Blue Light Photodynamic Therapy Illuminator, BLU-U; DUSA Pharmaceuticals, Inc, Wilmington, MA) exposure is Food and Drug Administration (FDA) approved for the spot treatment of minimally to moderately thick AKs of the face or scalp after a 14-to 18-hour incubation period, in the United States and Canada.
When ALA is applied to dysplastic lesions, it is absorbed by cells and preferentially metabolized to Protoporphyrin IX (PpIX) relative to normally dividing keratinocytes. When PpIX is activated by light of an appropriate wavelength and energy in the presence of oxygen, it results in a cytotoxic process. There is minimal damage to surrounding unaffected skin, and cutaneous photosensitivity is transient (usually clearing within 24-48 hours) because of metabolic conversion of the remaining PpIX to heme. 4 Aminolevulinic acid-PDT, when used on-label for 14-to 18-hour incubation, has been shown to be safe and highly effective in the treatment of minimally to moderately thick AKs of the face and scalp. 5, 6 However, anecdotal clinical findings from the dermatologic community and also from small investigator-initiated studies indicate that physicians frequently administer ALA over a broad area (BA) rather than as a spot treatment and/or use shorter incubation times. [7] [8] [9] Fluorescence measurements of PpIX suggest that PpIX builds up gradually over the first hours, reaching peak fluorescence in the range of 6 to 18 hours after application (data on file). A previous study of the kinetics of PpIX accumulation in AK over the first 2 hours after ALA application has shown that PpIX concentration was statistically higher than baseline in 92% of lesions by 1 hour and 100% of lesions by 2 hours and that PpIX levels were also elevated in areas of normal-appearing nonlesional skin. 10 Although the study was not designed to assess efficacy, 10 J/cm 2 blue light was applied to lesions 2 hours after ALA application, and 1 month after treatment, the vast majority of AKs resolved. 10 Data from other studies with short-incubation times also seemed efficacious for AK treatment. [7] [8] [9] Reducing incubation time might also, by decreasing the amount of PpIX produced in skin, decrease the discomfort of BA PDT while maintaining a high AK clearance rate (AKCR) and potentially treating subclinical lesions that may exist in the presence of clinically typical, visible, or palpable AKs.
This study is designed to evaluate the effect of incubation time and application method on the safety and efficacy of blue light ALA-PDT in the treatment of AKs on the face or scalp.
Materials and Methods

Subjects
Eligible participants were male and nonpregnant females, 18 years or above, with 6 to 20 Grade 1 or 2 AKs (Grade 1: slightly palpable, better felt than seen; Grade 2: moderately thick, easily seen and felt) on the face or scalp, with a history of AK therapy within the treatment area at least twice in the 2 years before study entry. Key exclusion criteria included Grade 3 AKs (very thick and/or hyperkeratotic) within the treatment area, lesions suspicious or proven for skin cancer within the treatment area; a history of cutaneous photosensitization; any condition with associated immunosuppression; keratolytics including >5% urea, alpha hydroxyl acids (e.g., glycolic acid, >5% lactic acid), >2% salicylic acid within 2 days of initiation of treatment; cryotherapy within the previous 2 weeks; topical retinoids within the previous 4 weeks; microdermabrasion, ablative laser, ALA-PDT, chemical peels, 5-fluorouracil, diclofenac, imiquimod within the previous 8 weeks; 2 or more ALA-PDT treatments or systemic retinoids within the previous 6 months.
Procedure
Subjects were randomized to one of 5 treatment groups: BA application of ALA The study was conducted in accordance with the ethical principles of the 1975 Declaration of Helsinki and in compliance with Good Clinical Practice Guidelines. The protocol was approved by an institutional review board for each study center. Written informed consent was obtained from all subjects. The study was registered on ClinicalTrials.gov (Identifier: NCT01475955).
Outcomes
Efficacy endpoints were AKCR compared to baseline, complete (100%) clearance rate, partial ($75%) clearance rate, and subject satisfaction and acceptability of treatment. Tolerability assessments, including erythema, edema, scaling and dryness, oozing/ vesiculation/crusting, and changes in pigmentation, were assessed at each visit using a 5-point scale (0 = none-4 = severe); stinging/burning was assessed using a 4-point scale (0 = none-3 = severe). The evaluating investigator for efficacy was blinded to the treatment assignment. To maintain blinding, personnel who were not involved in efficacy assessments administered the blue light PDT and assessed for tolerability to treatment.
Statistical Analysis
All data tabulations were performed using the SAS System for Windows version 9.3. The primary subject set for analysis of the efficacy data is the intent-totreat (ITT) population. A last-observation-carriedforward analysis was used to address the effect of dropouts or missing data for the efficacy variables. Subjects receiving VEH were considered a single treatment group. The treatment groups were compared with respect to the AKCR by analysis of variance where the model included treatment effect. The Tukey-Kramer method was used for pairwise comparisons of treatment groups. Treatment groups were also compared with respect to complete and partial clearance rates using a Pearson x 2 test; Fisher exact test was used at Week 8 because of sparse tables. The Cochran-Armitage trend test was used to examine whether complete clearance rate increases as incubation time increases for the BA applications. No adjustment was made for multiple endpoints.
Results
Demographics and Baseline Disease Characteristics
Two hundred thirty-five subjects were enrolled in the study at 13 sites; 234 subjects (211 male and Table 2 shows the number and fraction of subjects with complete AK clearance (no lesions remaining)
and partial AK clearance ($75% of AK lesions cleared) at Weeks 8, 12, and 24. At Week 12, complete clearance for the ALA groups ranged from 15% (7/48, ALA-BA2) to 30% (14/47, ALA-BA1), compared to 2% (1/46) for VEH; partial clearance rates for the ALA groups ranged from 44% (20/46, ALA-SP2) to 53% (25/47, ALA-BA3), compared to 11% (5/46) for VEH.
At the final visit, subjects rated their overall satisfaction with improvement of the appearance of the area treated on a 4-point scale (0 = none/worse, 3 = excellent). For overall satisfaction, 79% (147/185) of subjects treated with ALA-PDT were rated as having a moderate or excellent improvement from baseline, compared to 35% (16/46) of subjects treated with VEH-PDT. ALA-BA1, aminolevulinic acid broad area application, 1-hour incubation; ALA-BA2, aminolevulinic acid broad area application, 2-hour incubation; ALA-BA3, aminolevulinic acid broad area application, 3-hour incubation; ALA-SP2, aminolevulinic acid spot application, 2-hour incubation; VEH, vehicle application. Figure 1 . Median AK lesion clearance rate by visit. *There were statistically significant differences (p < .0001) in median AKCR between the 5 treatment groups at all visits; the pairwise comparisons of ALA versus VEH were statistically significant (ALA > VEH; p < .001) for all treatment groups at all visits. In this figure, error bars represent standard error.
Tolerability/Safety Results
Most subjects tolerated treatments well; 4 ALAtreated subjects did not receive full light dose because of side effects during treatment. Stinging/burning during light treatment for the ALA groups ranged from 93.5% (ALA-SP2) to 100% (ALA-BA3), compared to 24% of subjects treated with VEH (Table 3) . For ALA-treated subjects, stinging/burning during light treatment was rated as moderate or severe for 63.8%, 79.2%, 78.7%, and 58.7% of subjects in ALA-BA1, ALA-BA2, ALA-BA3, and ALA-SP2, respectively ( Table 4 ).
The incidence of erythema increased over baseline levels in all treatment groups immediately after light treatment, but appeared to be more severe in the ALA groups than in the VEH group (Table 3; 38.3%, 58.3%, 61.7%, 41.3%, vs 6.5%). The incidence of erythema declined at Week 2 in all groups. The incidence of edema was greatest for subjects treated with BA ALA for 2 or 3 hours. All ALA groups exhibited an increase in scaling and dryness at the 24-to 48-hour visit, compared to baseline, whereas the VEH group did not (Table 3) .
At the final visit, subjects rated their agreement with the acceptability of side effects and duration of adverse events on a 5-point scale (1 = agree totally, 5 = do not agree at all). Ninety-one percent (43/47), 83% (40/48), 68%
(30/44), and 83% (38/46) of subjects in ALA-BA1, ALA-BA2, ALA-BA3, and ALA-SP2, respectively, agreed either totally or a little that side effects were acceptable, compared to 76% (35/46) of VEH-treated subjects. Regarding side effect duration, 89% (42/47), 88% (42/ 48), 82% (36/44), and 83% (38/46) of subjects in ALA-BA1, ALA-BA2, ALA-BA3, and ALA-SP2, respectively, agreed either totally or a little that it was acceptable, compared to 78% (36/46) of VEH-treated subjects.
There were no serious adverse events related to the drug reported during the study. Five adverse events (increased lacrimation, nausea, application site burn, influenza-like illness and rosacea) were judged as related to treatment in ALA-treated subjects, and 2 adverse events (headache and skin tightness) were judged as related to treatment in VEH-treated subjects.
A total of 7 skin cancers were diagnosed within the treated area during the study, including 2 basal cell carcinomas (BCCs), 1 Bowen disease, and 1 SCC in the 188 ALA-treated subjects, and 2 BCCs and 1 SCC in the 46 VEH-treated subjects (Table 5) .
Limitations
A limitation of this study is the uneven number of men and women, which may be due in part to the fact ALA-BA1, aminolevulinic acid broad area application, 1-hour incubation; ALA-BA2, aminolevulinic acid broad area application, 2-hour incubation; ALA-BA3, aminolevulinic acid broad area application, 3-hour incubation; ALA-SP2, aminolevulinic acid spot application, 2-hour incubation; VEH, vehicle application.
that males have a higher tendency toward the development of AKs, which is likely the result of higher cumulative lifetime sun exposure and a lower adherence to photoprotection, and is consistent with previous studies of ALA-PDT for AKs on the face and scalp.
5,6
Discussion
The results of this study confirm and extend the results of previous smaller studies 7, 8 showing that blue light ALA-PDT performed using incubation times as short as 1 hour can provide significant clearance of AKs. Although a single short-incubation ALA-PDT ALA-BA1, aminolevulinic acid broad area application, 1-hour incubation; ALA-BA2, aminolevulinic acid broad area application, 2-hour incubation; ALA-BA3, aminolevulinic acid broad area application, 3-hour incubation; ALA-SP2, aminolevulinic acid spot application, 2-hour incubation; VEH, vehicle application.
P A R I S E R E T A L treatment in this study produced lesion clearance from 36% to 57%, a second treatment performed at Week 8 increased the AKCR to 68% to 79% (Table 1 ). The short-incubation AKCRs seen after two treatments also compare favorably with AKCR described after 2 treatments (83.4%) using the FDA-approved 14-to 18-hour incubation time. 4 Furthermore, AKCRs appear similar after 2 short-incubation treatments using spot application for 2 hours or BA application for 1 or 2 hours (Table 1) .
The complete (100%) subject clearance rates at Week 12 were similar for the 1-hour and 3-hour BA ALA-PDT groups (29.8% and 27.7%, respectively). Both of the 2 hour groups (spot area and BA) had similar 100% clearance rates at Week 12 (17.4% and 14.6%, respectively), which were notably lower than the 1-hour and 3-hour BA rates, for unknown reasons (Table 2) . Partial AKCRs (subjects with $75% lesions removed) ranged from 44% to 53% and appeared to trend slightly upward with increasing incubation time.
Although subjects in this study showed a high degree of tolerability for the treatment and satisfaction with its outcome, it is clear that increasing incubation time for more than 1 hour, although not increasing efficacy, may increase the incidence and severity of some of the well-known side effects of ALA-PDT (Tables 3  and 4) . Notably, the incidence of post-PDT edema and crusting nearly doubled in the 2-and 3-hour BA incubation groups (Table 3) . Erythema, although universally observed after PDT and of a similar incidence in all groups, was noted to be of generally greater severity in subjects receiving BA application and incubated for longer than 1 hour. Stinging and burning of a moderate/severe intensity was reported in 21% of subjects after PDT in the BA1 group and increased to 54% and 57% in the BA2 and BA3 groups, respectively (Table 4) .
In previous studies of ALA-PDT for AK treatment in which subjects were followed for periods >6 months, NMSCs arose during follow-up, as may be expected in a subject population with heavily sun-damaged skin. 6, 11 The incidence of NMSCs seen over the course of this study was also determined for each group ( Table 5 ). The incidence of NMSCs within the areas where BA treatment was given ranged from 0/48 (0%) for the BA1 group to 1/48 and 1/47 (2.1% each) for the BA2 and BA3 groups, respectively. This contrasts with the 2/47 (4.4%) incidence in the spot treatment group (SP2) and the highest incidence, 3/46 (6.7%), in the control (VEH) treatment group. The trending toward an indication of some degree of NMSC prevention in areas given BA treatment versus spot or control (sham PDT) treatment is of interest. Studies of long-term ALA-PDT effects in populations at high risk of NMSCs, specifically long-term immunosuppressed solid organ transplant recipients 12 and subjects with a previous history of NMSCs in the treatment area, 13 have clearly shown that BA application ALA-PDT can significantly reduce the occurrence of NMSCs in these subjects. Future studies will seek to corroborate these results in populations at high risk of NMSC occurrence. ALA-BA1, aminolevulinic acid broad area application, 1-hour incubation; ALA-BA2, aminolevulinic acid broad area application, 2-hour incubation; ALA-BA3, aminolevulinic acid broad area application, 3-hour incubation; ALA-SP2, aminolevulinic acid spot application, 2-hour incubation; VEH, vehicle application.
P A R I S E R E T A L
